Gap-mode plasmon excitations on non-SERS-active metal substrates are investigated theoretically and experimentally for Pt single crystalline surfaces. A huge enhancement with the order of 10 5 , which is 10 3 -fold larger than the previously reported values, is experimentally achieved on Pt substrates. Since the present technique is applicable for a well-defined smooth substrate, crystal-face dependence of adsorption geometries is also presented at Pt(100) and Pt(111). These features indicate that the concept of gap-mode plasmon excitations is practically useful for studying catalytic reaction mechanism on various metal surfaces.
Introduction
Surface enhanced Raman scattering (SERS) is widely recognized as a powerful spectroscopic tool for studying molecular adsorption geometries on metal surfaces. 1, 2 After the discovery of the SERS effect [3] [4] [5] significant efforts have been made to increase the enhancement factor. As a result, the factor is now approaching the order of 10 14 , implying a possibility of single molecular detection. 6, 7 However, the practical use of SERS is limited to roughened surfaces of coinage metals such as Ag, Au, and Cu, 8 and unfortunately, most of other metals, including catalytic metals such as Pt and Pd, are commonly considered to be non-SERS-active. 9, 10 Since information of metal-molecular interactions is of essential importance to understand catalytic reaction mechanisms, many researchers have tried to maximize SERS effect on Pt-group metals. So far, the obtained enhancement factor on Pt is limited to the order of 10 2 because of highly damping optical responses of these metals. 9, 10 A thin layer of non-SERS-active metals formed on a SERS-active substrate is also utilized for studying molecular species on catalytic surfaces. 11, 12 However, such a thin metal layer could have a different electronic property from that of the bulk metal. [13] [14] [15] Enhancement of Raman scattering intensity is closely related to excitation of surface plasmon polaritons on a metal surface. 1, 2 Therefore, even when a SERS-active metal is used as a substrate, the appearance of SERS effect is strongly dependent on surface morphology of the substrate. On a smooth surface, for example, no SERS effect is present because the conservations of energy and momentum between photons and surface plasmons are not satisfied. In order to make photon-plasmon coupling allowed, electrochemically roughened substrates are usually utilized in conventional SERS measurements. [3] [4] [5] However, since various adsorption sites are exposed on such substrates, information of each adsorption site is not available and SERS spectra provide only averaged information. This is also a serious limitation of SERS spectroscopy.
Recently, we have reported a convenient technique for efficient enhancement of Raman signal intensities on atomically flat Au-single crystalline substrates. 16 This technique is based on excitation of localized gap-mode plasmons, [17] [18] [19] [20] [21] in contrast to conventional SERS, which gains intensity from propagating surface plasmons. While surface plasmon propagation is largely affected by the magnitude in the imaginary part of a dielectric constant, the localized plasmon resonance property is only due to the real part. 22 Hence, one can expect this gap-mode technique is effective even for non-SERS-active metals.
In this paper, we report gap-mode enhanced Raman scattering of organic monolayers on non-SERS-active Pt substrates. Platinum is recognized as one of the most important catalytic metals. Indeed, Pt-catalysts are now indispensable for operation of fuel cells and purification of automotive exhaust gas. Therefore, it is very important to know how molecules interact with a specific crystal face or a defect-site of platinum. Well resolved gap-mode enhanced Raman spectra were obtained for self-assembled monolayers (SAMs) of 4-chlorophenyl-isocyanide (CPI) on atomically flat Pt(111) and (100) single crystalline faces. Enhancement factor at Pt single crystalline surfaces is found to be comparable to that at Au single crystalline surfaces. Remarkable crystal-face dependence is presented in adsorption structures of the SAMs.
Theory
Since a well-defined metal-molecular interface is our concern, a so-called sphere-plane system, 17, 18 consisting of a metal nanopaticle and a smooth metal substrate, is used as a model resonance system for gap-mode plasmon excitation (see Figure  1a) . When the metal sphere is far from the metal plane, electromagnetic interactions are negligible; incoming optical photons can excite only lowest-order dipole plasmons localized on the sphere. As the sphere approaches the plane, however, collective oscillation modes of electrons are excited in the system via electromagnetic interactions between the sphere and the plane. Importantly, these collective plasmon modes, so-called gap-modes, are accompanied with highly localized electromag- † Part of the "Hiroshi Masuhara Festschrift". . Therefore, huge enhancement of Raman scattering intensity is expected in the gap region even on a flat surface.
Such an interaction in the resonance system can be understood by the plasmon hybridization theory. 23, 24 The degree of hybridization is dependent not only on the gap distance but also on the combination of metal species. For example, the energy level of surface plasmons on the Pt plane is lower than that on the Au plane by 2.8 eV because of the difference in the electron density. As a result, the hybridization of the Au sphere with the Pt plane is expected to be different from that with the Au plane. Figure 1b ,c shows schematic illustrations of expected plasmon hybridizations in Au sphere/Au plane and Au sphere/ Pt plane systems, respectively. It is considered that higher-order multipole plasmon contributions (l ) 2, 3, ...) from the Au sphere is relatively weak in the case of the Pt plane. Figure 2 shows theoretically calculated extinction spectra of the Au sphere/Au plane and Au sphere/Pt plane systems. The calculation is carried out for p-polarized illumination with the incident angle of 45°, by taking into account the multipole interactions under a static field approximation, according to Wind's method. 22, 25 In the case of the Au sphere/Au plane (Figure 2a ), the peak position is significantly red-shifted and the peak intensity is increased with decreasing the gap distance. As shown in Figure 1b , the red-shift of plasmon resonances is a characteristic feature of the bonding plasmons hybridized with multipole plasmons. As already explained, such a multipole plasmon contribution would be less in the Au-sphere/Pt-plane system. As shown in Figure 2b , the peak shift is indeed smaller in this system. Even so, the plasmon resonances are still found to be in the wavelength region of 600-700 nm when the gap distance is less than 1 nm. Thus, one can expect that Raman scattering intensity is enhanced even on a Pt plane when the excitation wavelength is selected to be within this region.
This possibility was examined by finite difference time domain (FDTD) calculations simulating electric field distribution of an Au sphere/Pt plane, as well as that of an Au sphere/Au plane, excited by p-polarized 632.8-nm He-Ne laser radiation. As shown in Figure 3 , both systems clearly showed localization of electric field in the gap regions. Although the enhanced electric field at the Pt plane is weaker than that at the Au plane as expected, the local field enhancement is more than 20 with the gap distance of 1.5 nm.
26 When Raman shifts are small, the enhancement of Raman scattering is given by the fourth power of the field enhancement. 27 That should be large enough for detection of scattering signals from organic monolayers.
Experimental Section
The sphere-plane system for gap-mode plasmon excitation was experimentally constructed as follows. 16 A Pt-or Au-single crystalline microbead, having atomically flat (111) and (100) facets, was prepared by the Clavilier method. 28 As for the Ptcrystal, additional annealing was carried out at 1600 C°for 6 h under argon/hydrogen flow by using an induction heater (HOTSHOT-2 kW, Ameritherm), and then the surface was protected by a hydrogen-saturated pure water droplet. 29 CPI was chosen as a Raman scatterer because the NC stretching vibration of CPI is sensitive to metal substrates. SAMs of this molecule were formed on Pt and Au single crystal surfaces from a THF solution containing 10 mM CPI, which was obtained from Oakwood products and used as received, under argon atmosphere. Finally, the metal substrates covered with SAMs were dipped in a colloidal solution of Au nanoparticles (Au NPs) with diameter of ca. 20 nm, prepared by the citrate reduction method 30 so that the Au NPs were adsorbed on the organic layers. Figure 4 shows SEM images of the CPI-SAM/Au(111) and the CPI-SAM/Pt(111) surfaces after the immersion in the colloidal solution of Au NPs. Although it is generally considered that Au NPs do not adsorb on alkyl SAMs without anchoring head groups, these SEM images confirm that Au NPs can be adsorbed on aromatic SAMs. The driving force could be the dispersion force but the detailed adsorption mechanism is still under investigation. Au NPs were well dispersed and typical coverage of Au NPs was around 20% for both of Pt and Au substrates.
A microscope system was used to selectively observe Raman scattering signals from each facet. Details of the measurement system were reported elsewhere. 16 Briefly, the sample was illuminated through an objective lens (40×, 0.6 N.A.) by 632.8-nm radiation with intensity of 0.02 mW from a He-Ne laser, and backscattered Raman signals were collected with the same objective lens and monitored by a CCD-polychromator system (PIXIS 400B, Princeton Instruments) after Rayleigh scattering light was filtered by an edge filter (LP02-633-RU, Semrock). Note that the tight focusing with the high N.A. object lens is of essential importance to excite gap-mode plasmons and collect scattered Raman signals from the gap regions. Figure 5a shows typical Raman spectra of a CPI monolayer on a Pt(100) surface. Without adsorption of Au NPs (top panel), no Raman signal was observed as expected because surface plasmon polaritons were not excited on the smooth Pt surface. By adsorption of Au NPs (bottom panel), the signal intensity was substantially enhanced, and five distinct vibrational modes with A 1 symmetry were clearly observed at 1089 (νC-Cl, 13), 1168 (σCH, 9a), 1208 (νC-NC, 7a), 1586 (νCdC, 8a), and 2145 cm -1 (νNC). 31, 32 Among these modes, vibrational frequencies of νC-NC and νNC are highly sensitive to metal substrates. The νNC peak was observed at 2145 cm -1 at the Pt(100) surface (Figure 5a ), whereas it appeared at 2185 cm -1 at the Au(100) surface (Figure 5b) . Such a peak shift is reasonably explained by considering the difference in the degree of π back-donation; the LUMO of CPI is a π* orbital that is antibonding with respect to the NC bond and any electron donation into this orbital from metal d π orbitals leads to a decrease in the νNC frequency. 33 These results clearly show that the information of CPI/Pt interfaces can be indeed obtained by this method. 34 We now focus on the estimation of the enhancement factor of the gap-mode system at Pt substrates. As shown in Figure 5 , the adsorption geometries of CPI on Pt(100) and Au(100) are similar as the positions of νNC peaks indicate that the on-top configuration is dominant in both cases. Although the small peak at 1939 cm -1 at Pt(100) surface suggests the presence of small fraction of the bridge configuration, 31, 32 it is negligible for the rough estimation. Besides, the molecular packing density was nearly equal at both surfaces as measured by ellipsometry. Therefore, the relative enhancement factor at the Pt substrate to the enhancement factor at the Au substrate should be roughly equal to relative intensity of the Raman peak at the Pt(100) surface to the Raman peak intensity at the Au(100) surface. Since the areas of Raman peaks at Pt(100) surface relative to those at Au(100) surface are 0.39 (νC-Cl), 0.32 (σCH), 0.36 (νC-NC), 0.38 (νCdC), 35 and 0.31 (νNC), the relative enhancement factor at Pt substrate to that at Au substrate is estimated to be one-third. The absolute enhancement factor in this system depends on the numerical aperture of the objective lens. This is because the fraction of p-polarization component in the excitation beam, which can couple with gap-mode plasmons, is increased with the increase of the aperture. Moreover, the molecular packing density at Pt(100) or Au(100) have not been reported. However, the enhancement factor at Au(100) is expected to be same as that at Au(111), 36 i.e., 4 × 10 5 , in the present experimental setup because the electric field enhancement should not be crystal-face dependent. Since the relative enhancement factor at Pt(100) to that at Au(100) is one-third as already estimated, the absolute enhancement factor at the non-SERS-active Pt is roughly on the order of 10 5 . This is 3 orders of magnitude larger than the previously reported value. 9, 10 Such a large effect in this technique must be due to the utilization of the localized plasmons and makes this technique a practical method for Raman spectroscopy on non-SERS-active substrates.
Results and Discussion
Since Raman signals are enhanced so significantly by the gapmode plasmon excitation that crystal-face dependence of Raman spectra, i.e., adsorbed molecular structures, can be investigated. It is again emphasized here that such an experiment is impossible in conventional SERS. Figure 6 shows Raman spectra of CPI at Pt(111) and Au(111) facets measured by the gap-mode Raman technique. The spectrum at the Pt(111) surface (Figure 6a ) is significantly different from that at Pt(100) surface (Figure 5a ). In the spectrum at Pt(111) surface, no νNC peak was observed in the wavenumber region between 1800 and 2200 cm -1 and a nontotally symmetric νCdC peak (8b) was much larger than the totally symmetric νCdC peak (8a). These features suggest that the binding of CPI molecules at Pt(111) surface is different from that at Pt(100) surface. On the other hand, Raman spectra of CPI at Au(111) surface (Figure 6b ) is similar to that at the Au(100) surface (Figure 5b) .
In order to discuss adsorption geometries of CPI molecules, density functional theory (DFT) calculations were carried out using the Gaussian 03, revision E.01, at the B3PW91 level of DFT with LanL2DZ basis set for Au and Pt atoms and 6-31G** basis sets for other atoms. The (Au) 2 or (Pt) 2 cluster was used in the calculations as a model of metal substrates. As possible adsorption models, 37, 38 four types of binding configurations were examined: (i) on-top, (ii) bridge, (iii) N-protonation, and (iv) η 2 -bonding (see Figure 7) . The experimental and calculated vibrational modes are summarized in Table 1 . As for the binding configurations on Au(111) and (100) surfaces, the calculated result for on-top adsorption (i) agreed with the experimentally obtained result. 16 Similarly, the on-top configuration (i) is dominant on the Pt(100) surafce. Besides, the bridge configuration (ii) is also present on this surface. On the Pt(111) surafce, however, these two structures are negligible, as clearly indicated by the absence of the νNC vibrations in the spectra ( Figure  6a ). The models (iii) and (iv) suggest no peak in the νNC vibration region (Figure 7b) . The difference between the latter two models is found in the νCdC vibration region. In the model (iii), the totally symmetric νCdC vibration (8a) loses intensity while the nontotally symmetric νCdC vibration (8b) gains intensity via the coupling with νNC. On the other hand, the model (iv) additionally shows the very intense 19a in the νCdC vibration region with the coupling of νNC. Thus, one can conclude that the model (iii) is more consistent with the experimental result. When CPI adsorbs on Pt(111) with the structure (iii), νNH should appear around 3420 cm -1 according to the calculation. Unfortunately, we were not able to detect this peak, maybe because the sensitivity in the present measurement system is rather low at this higher frequency region and Raman intensity of νNH mode is weak. However, there are some reports concerning N-protonated adsorption forms of isocyanide molecules on Pt(111). [39] [40] [41] It is known that molecular adsorption on metal surfaces is well explained by the d-band theory; the energy center of the valence d-band density of states at the surface sites correlates with their ability to form bonds with chemisorbed molecules. 42, 43 In the present case, Pt(111) has the highest d-band center position among the four crystal faces. 44, 45 As the d-band center shifts up, π back-donation from metal into CPI is increased, resulting that the metal-C bond becomes stronger and Nprotonated form (iii) is stabilized. 46 
Conclusion
Significant enhancement of Raman scattering intensities of organic monolayers on non-SERS-active substrates by means of gap-mode plasmon excitation was demonstrated for the CPI monolayer on Pt surfaces. Enhancement factor comparable to that at Au surface was achieved at Pt surface. This technique should be applicable not only for Pt but also for other non-SERS-active metals by choosing appropriate excitation wavelength depending on combination of a metal substrate and metal nanoparticles.
Crystal-face dependent adsorbed structures were investigated at (111) and (100) surfaces of Pt and Au. Systematic study on molecular adsorption at step-edges and kink sites, which is not possible by conventional SERS, is under way using high-index planes. 
